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Estimates of the Economic Return to Schooling from a New Sample of Twins
By ORLEY ASHENFELTER AND ALAN KRUEGER* This paper uses a new survey to contrast the wages of genetically identical twins with different schooling levels. Multiple measurements of schooling levels were also collected to assess the effect of reporting error on the estimated economic returns to schooling. The data indicate that omitted ability variables do not bias the estimated return to schooling upward, but that measurement error does bias it downward. Adjustment for measurement error indicates that an additional year of schooling increases wages by 12-16 percent, a higher estimate of the economic retums to schooling than has been previously found. (JEL J31) This paper uses a new survey of identical twins to study the economic returns to schooling. We estimate the returns to schooling by contrasting the wage rates of identical twins with different schooling levels. Our goal is to ensure that the correlation we observe between schooling and wage rates is not due to a correlation between schooling and a worker's ability or other characteristics. We do this by taking advantage of the fact that monozygotic (from the same egg) twins are genetically identical and have similar family backgrounds. In our survey we also took some unusual steps to measure a worker's schooling level accurately. We obtained independent estimates of each sibling's schooling level by asking the twins to report on both their own and their twin's schooling. These new data provide a simple and powerful method for assessing the role of measurement error in estimates of the economic returns to schooling.
The results of our study indicate that the economic returns to schooling may have been underestimated in the past.' We estimate that each year of school completed increases a worker's wage rate by 12-16 percent. This estimate is nearly double previous estimates, and it is much greater than the estimate we would have obtained from these data had we been unable to adjust for omitted ability variables and measurement error. Surprisingly, we find no evidence that unobserved ability is positively related to the schooling level completed; instead, we find some weak evidence that unobserved ability may be negatively related to schooling level. We also find significant evidence of measurement error in schooling levels. Our results indicate that measurement error may lead to considerable underestimation of the returns to schooling in studies based on siblings.
We begin the paper with a discussion of the data we have collected. We compare our sample with more conventional data and with other surveys of twins, and we report on the extent of the measurement error we have found. We next report the detailed results of our study of the earnings of twins using conventional econometric methods to adjust for measurement error. In a final section of the paper we provide estimates and tests of the restrictions from a simple model of the earnings process that incorporates errors in the measurement of schooling.
I. Data Collection and Appraisal
Our goal was to obtain a sample of data on twins in which we could obtain independent measures of each sibling's schooling level. We realized at the outset that this would be a simple task if both twins could be interviewed simultaneously. Both twins could then be asked questions about themselves and their siblings. A natural place to interview twins for this purpose is one of the many "twins festivals" held throughout the United States. In fact, we chose to attend the 16th Annual Twins Days Festival in Twinsburg, Ohio, in August of 1991. The Twinsburg Festival is the largest gathering of twins in the world, and in 1991, it attracted over 3,000 sets of twins, triplets, and quadruplets, many of whom were children. We managed to interview over 495 separate individuals over the age of 18 during the three days of the festival.
A. Data Collection
Our data-collection instrument was patterned after the questionnaire used by the Bureau of the Census for the Current Population Survey (CPS). (A copy of the questionnaire we used is available from the authors upon request.) Many of the questions on the survey are identical to those administered in the CPS, but some were written by us and are relevant only for a study of twins. Monozygotic (commonly called "identical") twins result from the splitting of a fertilized egg and are considered to be genetically identical. Dizygotic (commonly called "fraternal") twins result from the fertilization of separate eggs and lead only to siblings that are genetically similar, as are non-twin brothers and sisters. One goal of our survey instrument was to determine whether the twins we interviewed were identical or fraternal. Much of our analysis below is restricted to a sample of identical twins.2
Our interviewing technique employed a team of five interviewers. The Twinsburg Festival maintains a research pavilion, which consists of a tent near the main entrance to the festival where researchers are located. To carry out our survey we placed an advertisement in the festival program inviting all adult twins to come to our booth to be interviewed. As an incentive we offered to make a contribution to the Twins Festival Scholarship Fund for every pair of adult twins who completed an interview. Our interviewers also roved throughout the festival grounds and approached every adult twin pair they encountered with a request for an interview. We were pleasantly surprised to find that virtually every pair of twins that we approached agreed to participate in our interviews. (Only four pairs of twins refused to be interviewed.) At the outset we were concerned that our questions about earnings, when asked in a face-to-face interview, might lead to some nonresponse. As it turned out, our concerns were misplaced, and virtually every twin provided the requested data (leading to a response rate for this question that is far higher than in the CPS). We asked each twin about his or her wage rate on the most recent job, but we have included twins in our sample only if they held jobs within the previous two years. In every case we separated the twins for the purposes of our interview, so that no twin 2We determined whether twins were identical by their answers to the question "Is your twin brother/sister an identical twin? That is, are you monozygotic twins?" In a study of questionnaire responses by pairs who claimed to be monozygotic twins Seymour Jablon et al. (1967) found that fewer than 3 percent were incorrect as measured by serological tests. heard his or her sibling's response to the questionnaire.
Although we report on a detailed comparison of our survey with data from the CPS below, we have some casual impressions about our sample of twins that should be kept in mind. Much of the purpose of a twins festival is to celebrate the similarity of the twins who are present. For the participants, these festivals provide an environment where twins are not so unusual as they ordinarily seem. The participants therefore tend to dress alike and to celebrate their similarity. As a result, we suspect that twins in our sample may bear stronger similarities than would be the case in a random sample of twins. For example, our sample contains a far greater representation of identical twins relative to fraternal twins than would exist in a random sample. These similarities will cause no problem for estimating the returns to schooling, but they may make a comparison of our study with other studies of twins more difficult.
On the other hand, the twins in our study do vary in dimensions that the twins in other studies do not. For example, the Jere Behrman et al. (1980) study is based on a sample of male veterans of World War II. Our study has a representation considerably broader than this, and it includes women as well as men. sibling-reported) education levels, and father's and mother's education levels for our sample of twins. In all our analyses we have randomly selected one twin as the first in each pair. We write S' for the self-reported education level of the first twin, S2 for the sibling-reported education level of the first twin, S2 for the self-reported education level of the second twin, and S' for the siblingreported education level of the second twin.
B. Representativeness of the Sample
(That is, Sm, m, n = 1, 2, refers to the education level of the nth twin as reported by the mth twin.) All six of the possible correlations are reported in the table. It is apparent that the independent measures of education levels are highly correlated. There are, of course, two measures of the father's and mother's education levels, and we have reported the correlations across both of these also. It is apparent from the table that the wage rates and education levels of identical twins are highly correlated and that they are more highly correlated than the wage rates and education levels of fraternal twins. It is possible to compare some of the correlations in Table 2 
C. The Extent of Measurement Error
The correlations in Table 2 This correlation is the fraction of the variance in the reported measures of schooling that is due to true variation in schooling. This ratio is sometimes called the "reliability ratio" of the schooling measure.
The two estimates of the reliability ratio for the twins schooling levels in Table 2 Since both twins were asked about the schooling levels of their parents, it is also possible to estimate the measurement error in parental schooling levels. These estimates of the reliability ratio in the schooling levels of the twins' parents are lower than the estimates of the reliability ratios for the twins themselves. The reliability ratios are around 0.86 for the father's schooling and 0.84 for the mother's schooling.
II. Conceptual Framework and Basic
Empirical Results
A. Conceptual Framework
We denote by yli and y2i the logarithms of the wage rates of the first and second twins in the ith pair. We let Xi represent the set of variables that vary by family, but not across twins. In (6) the individual effect Ai has been removed. The least-squares estimator for this equation is called the "fixed-effects" estimator. In equations (4) and (5) the selection effect is estimated explicitly and then subtracted to obtain the structural estimate of the return to schooling. In (6) the selection effect is eliminated by differencing. We report estimates of all these equations below in order to provide direct evidence on the size of the selection effect.
B. The Effect of Measurement Error
Classical measurement error in schooling will lead to bias in the estimators of the effect of schooling on wage rates. In a bivariate regression, the least-squares regression coefficient in the presence of measurement error in schooling is attenuated by an amount equal to the reliability ratio; that is, and v2) will be positive. A positive correlation in the measurement error in each sibling's report will lead to a higher correlation between S1 and S than between SI and S2 (and a higher correlation between S 2 and S 2 than between S1 and Si2), be- cause the own-reports contain a common measurement-error component that the cross-sibling reports do not contain. In contrast, in the presence of classical measurement error these correlations would be identical. In fact, the correlations in Table 2 are consistent with the hypothesis of positively correlated measurement error in the siblings' reports.
In the presence of correlated measurement errors the instrumental-variables estimators of equation (4) Table 3 contains simple estimates of the effect of schooling on earnings that control only for demographic variables (that may be considered strictly exogenous). In columns (i) and (ii) we report the results of stacking equations (1) and (2) and fitting them by least squares and generalized least squares (the seemingly-unrelated-regression method due to Arnold Zellner [1962] ). The results in columns (i) and (ii) are comparable to most of the estimates that have appeared in the literature which ignore the potential correlation between schooling level and 5Note that the estimates using averages of the schooling differences will be inconsistent in the presence of correlated measurement errors, but as in the classical case, the inconsistency will be reduced by averaging. family background. For example, a regression fitted to data from the 1990 CPS with an identical specification as that in column (i) of Table 3 gives an estimate of the effect of schooling on the wage of 8.3 percent per year completed (compared to 8.7 percent in the data for twins). Estimates of the effect of age and gender on wage rates are also similar in the CPS, but estimates of the effect of race on wage rates are very different (9 percent vs. -40 percent).
The results in column (iii) of Table 3 correspond to stacking equations (4) and (5) and fitting them by generalized least squares. These are the results that include the sibling's education level in each twin's wage equation. The coefficient of this variable is a measure of the selection effect, -y, in equation (3). As the table indicates, this effect is small and negative, indicating that the selection effect in these data is negative. In this sample the better-educated families are not those who would otherwise be the most highly compensated in the labor market. This result also implies that a regression estimator of the returns to schooling that does not adjust for the selection effect will be downward-biased.
A regression of the intrapair difference in wage rates on the intrapair difference in schooling levels (which is the fixed-effects estimate) is reported in column (v) of Table  3 . This result confirms that the OLS regression result is smaller, not larger, than the intrapair regression estimate. This result is dramatically different from the result reported by Behrman Columns (iv) and (vi) in Table 3 report the instrumental-variables estimates which are intended to correct for measurement error in the education data. Here we use each sibling's report of his (or her) sibling's education level as an instrumental variable for his (or her) sibling's education level. These instrumental-variables estimates are much larger than the least-squares estimates, and they are consistent with our finding above that a considerable fraction of the variability in reported differences in twins' education levels is due to measurement error. If we accept the sibling reports as valid instruments, it seems likely that 6We are comparing the regression coefficient in line Y-1 in Behrman et al. 's (1980) Table 3 for the pooled sample of fraternal and identical twins is available from the authors upon request. Table 4 contains some further tests of the effect of measurement error on estimates of the returns to schooling. In this table we report the results of reestimating the leastsquares and generalized least-squares results of Table 3 using simple averages of the multiple indicators of education levels as independent variables. As expected, all of the estimates in Table 4 are larger than the corresponding estimates in Table 3 . These results provide further evidence that measurement error is producing a downward bias in conventional estimates of the returns to schooling. Table 5 contains an analysis that parallels the analysis in Table 3 except that variables measuring union status, marital status, years of tenure on the current job, and the education of the worker's parents have been added to the regressions. The estimated returns to schooling here are even larger than in Table 4 . In addition, worker job tenure has a strong positive and precisely determined effect on wage rates. Marital status and union status have positive effects on wages, but neither effect is measured precisely. It is also worth noting that when we control for a standard list of variables, as we do in Table 5 , the fixed-effect estimate of the return to schooling is attenuated compared to the GLS estimate.
Many of the results in Tables 3, 4 , and 5 are similar to those that have been reported elsewhere in the study of the determination of wage rates. Wage rates are concave in age, males earn more than females, and parental education seems to have very little independent effect on wage rates. One anomaly in Tables 3, 4 , and 5 is the estimated effect of race on wage rates, which indicates that white workers earn less than nonwhite workers. It seems possible that this result is due to selection in the relatively small sample of nonwhites who attended the twins festival and turned up in our sample. We have, therefore, computed the results in Tables 4 and 5 deleting the sample of nonwhite workers. The results of these regressions for white workers do not differ in any material way from those already reported. (The effect of schooling on wage rates is slightly higher for white twin pairs than for the group as a whole, but this difference is not statistically significant.)
Finally, we implement an instrumentalvariables approach that is consistent in the presence of measurement errors that are correlated between the twins' reports of their own schooling and of their siblings' schooling. Specifically, we include AS* = S' -S' in the first-differenced wage equations, and use AS** = S2 -S2 as an instrument for AS*. These instrumental-variables first-difference estimates, along with leastsquares first-difference estimates, are reported in Table 6 . When no other covariates are included, the instrumental-variable estimate that is robust to correlated measurement errors is 0.129, which is 20 percent greater than the OLS estimate of 0.107. Similar results hold when other variables are added to the regression [see columns A simplified version of equation (6), which represents the intrapair difference in wage rates, is (9) Ayj =I3Asi + Aej where ,3 represents the return to schooling, Ayi represents the intrapair difference in log wages, Asi represents the true intrapair difference in schooling, and Ari is an error that is independent of schooling levels. Letting As' and As" represent the selfreported schooling difference (S' -S') and the sibling-reported schooling difference where we assume that A v' and A v" are classical measurement errors in schooling that are uncorrelated with the true schooling levels, with each other, and with As. Notice that any fixed tendency for some families to misreport their schooling levels has been eliminated by differencing. This setup leads to a very simple method-ofmoments estimation scheme. The theoretical covariance matrix of the three variables Ay, AS', and AS" is contained in Table 7 , where OaS, s,? UA and Al,, are the variances of AS, As, Av', and Av". This may be contrasted with the empirical covariance matrix for our data on identical twins in Table 8 . The simple model in equations (7)-(9) has several implications for this empirical covariance matrix. First, and most important, there is the restriction that the covariance between the wage difference and the education difference should be the same for each measure of the education difference. Remarkably, Table 8 indicates that this equality holds almost precisely in the data. Second, if self-reported measures of education are more accurate than sibling-reported measures of education, then the variance of self-reported education differences (3.69) should be less than the variance of sibling-reported education differences (3.90). The empirical covariance matrix is also consistent with this hypotheSiS. Table 9 contains the maximum-likelihood estimates of the basic parameters set out in Table 7 . Since equations (7)-(9) are overidentified, there are two estimates of the rate of return to schooling in the unrestricted model. This implies that there are also two estimates of the variance in the difference in wage rates that is explained by schooling differences. The first estimate of the return to schooling is simply the ordinary instrumental-variables estimate (reported earlier in Table 4) The theoretical moments displayed in Table 7 are derived under the assumption that the measurement errors in equations (10) and (11) are independent. When the measurement errors in (10) and (11) are not independent of each other, the covariance between A S' and AS" is no longer a straightforward measure of AS as indicated in Table 7 Table 10 . This augmented theoretical covariance matrix may be contrasted with the full empirical covariance matrix in Table 8 . The model in equations (10)-(13) has many implications for this empirical covariance matrix. As before, the covariance between the wage difference and the schooling difference should be identical for all four measures of the schooling difference. Inspection of Table 8 indicates that this restriction is remarkably consistent with the data. Most important, however, the presence of correlated measurement errors implies that the covariance between AS' and AS" will differ from the covariance between AS* and AS**. In fact, the data in Table 8 Table 8 . This implies that an instrumentalvariables estimate of the return to schooling that ignores the presence of correlated measurement errors will be biased upward.
Column (iv) of Table 9 provides the maximum-likelihood estimates of the parameters set out in Table 8 . As the table indicates, there are, in principle, four different estimates of the return to schooling. One of these, Cov(Ay, AS**)/ Cov(AS*, AS**) is the instrumentalvariables estimate where the second twin's report of the twins' schooling difference is used as an instrument for the first twin's report of their schooling difference. This estimate, which is also contained in column (ii) of Table 6 , is 0.13 (= 0.350/2.714) and is essentially identical to the fully restricted estimate in Table 9 .
The estimates of the parameters in Table  9 imply that measurement error is a sizable fraction of the variance in the difference in the reported measures of schooling, ranging from 17 percent of the variance in a twin's report of the difference in schooling [Var(AS*)] to 26 percent of the variance of the self-reported difference in schooling [Var(AS')]. The result is that our leastsquares estimates of the return to schooling are biased downward. For example, a test of the significance of the difference between the least-squares estimate (0.09) and the restricted maximum-likelihood estimate (0.13) of the return to schooling leads to rejection of the hypothesis that they are equal (t = 2.3). Measurement error is a serious problem in the estimation of intrapair schooling differences because of the high correlation between the schooling levels of twins, as Griliches (1979) indicated some time ago.
IV. Conclusion
We went into the field to collect a new sample of data on twins in order to address specifically some important questions about the returns to schooling that have remained unresolved for over a decade. In 1980, Behrman et al. reported dramatic and widely publicized results from a study of identical twins that indicated that the economic returns to schooling were only about 3 percent per year completed, or about 40 percent of the size of the conventional estimates. Our results are very different. First, we find no evidence that conventional estimates of the returns to schooling are biased upward by imperfect controls for other family-related factors that may affect earnings. Second, we find that measurement errors in self-reported schooling differences result in a substantial downward bias in conventional estimates of the returns to schooling.
If our procedures for adjusting the estimated returns to schooling for measurement error are accepted, then our best estimate is that increased schooling increases average wage rates by about 12-16 percent per year completed. This is larger than most estimates in the prior literature. Even if our procedures of adjustment for measurement error are not accepted, within-pair estimates of the returns to schooling in our data are never less than 9 percent per year completed. Only additional data collection is likely to lead to better estimates of the returns to schooling.
How are we to interpret the 12-16-percent difference in average earnings associated with a one-year difference in the education of identical twins? Is it not possible that, within twin pairs, those who obtain more education would earn more (or less) even if they had not obtained the additional education? As with all empirical studies in economics, the ideal way to answer this question would require the random assignment of subjects to schooling levels so that all other differences were controlled. To the extent that schooling differences between twins are not random, it is possible that our estimates of the economic return to schooling are biased. If, for example, a family is more likely to send a twin further in school when that twin shows exceptional promise, our estimates of the return to schooling will be biased upward. If, on the other hand, a family is more likely to try to equalize the subsequent incomes of twins by sending the less promising child for further schooling, our estimates of the return to schooling will be biased downward. There are now many
